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Earlier measurements on steels containing
different amounts of carbon show that the stress

acoustic constants (SAC's), which measure higher-

order elastic material properties, are linearly

dependent on the amount of ferrite phase in these

steels. In order to further characterize the

behavior of hlgher-order elastic properties of

carbon steels, the present study investigates the

effect of prestraln upon the SAC's of 1016, 1045

and 1095 carbon steels. The SAC's are measured for

each of the three alloys after varying amounts of

prestrain are produced by tensile loading into the

plastic range. The SAC measurements are made in

the linear elastic range using small tensile as

well as compressive loads. Stress-induced changes

in ultrasonic velocity are measured using a pulsed

phase locke_ loop Interferometer with resolution of

parts in I0". Results of this study show that the

SAC's measured in tension increase while the SAC's

measured in compression decrease as a result of

prestraln. The average of these two quantities,

however, remains unchanged as a function of the

prestrains used in this investigation. This

average is found to change linearly with the amount

of ferrlte phase present in the alloys and confirms

previous findings.

I. Introduction

Cold working of many metallic materials

results in increased hardness and strength. A work

hardened material resists plastic deformation more

strongly titan the original. The susceptibility of

metals to plastic deformation and their property of

work hardening is responsible for more of the

usefulness of metals than any other property.

Earlier measurements [1,2] on steels containing

different amounts of carbon show that the stress

acoustic constants (SAC's), which measure higher-

order elastic material properties, are linearly

dependent on the amount of ferrite phase in these

steels. The purpose of the present research is to

further characterize the behavior of the higher-

order elastic properties of carbon steels by

examining the effect of plastic deformation on the

SAC measurements.

Use of the absolute ultrasonic velocity for

measuring residual stress suffers from two major

limitations. The first limitation is the

uncertainty of the value of ultrasonic velocity at
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zero residual stress. The second limitation is the

sensitivity of the velocity-stress calibration to

metallurgical variables which makes it necessary to

perform calibration on a specimen of the same

material in which the resldual stress needs to be

measured. The findings reported in this paper may

offer a solution to the problem of the sensitivity

of the veloclty-stress calibration to metallurgical

variables such as dislocation density associated

with prestraln.

The effect of prestrain on the SAC is

investigated in the three AISI alloys 1016, 1045

and 1095. The SAC in specimens of these alloys as

a function of prestraln is measured when the stress

is applied in tension as well as in compression.

The results show that the measured SAC changes

considerably as a function of prestraln. It

increases when the measurements are done using

tensile stress and decreases when the measurements

are made in compression. The average, however, is

found to be independent of the amount of prestrain

in the specimen. The plot of the average of

tensile and compressive SAC's vs percent ferrite

phase confirms earlier findings in carbon steels.

2. Test Samples

Three carbon steels, namely AISI I016, ATSI

I045 and AISI I095 are chosen for this

investigation. Results of composition analysis are

shown in Table I. The cable shows chat the primary

compositional element that varies significantly in

these samples is carbon. Figure I shows

representative mlcrographs for the three steels

before and after prestraining. Comparison of the

mlcrographs of these three carbon steels shows that

the microstructure in the alloys is unaltered by

prestrainlng. Figure I also helps illustrate that

these carbon steels are biphase materials

consisting of ferrite and carbide. The white areas

in the micrographs represent the ferrite phase with

carbon present in solid solution, while the dark

areas represent the pearllte structure which

consists of 88% ferrite and 12% carbide. One can

see from figure l that as the carbon content

increases the percentage of fertile phase decreases

and the percentage of carbide phase increases.

Test samples used in this study consist of

rods 2.54 cm diameter and 20 cm long. The central

7.6 cm of each rod is machined to square cross-

section 2.0 cm x 2.0 cm rounding all corners using

ASTM standard practices. The surfaces are ground



\ 

S. G. Al . l i son  

T a b l e  I Chemical  composition of AISK 1016,  
AISI  1045 and AISI 1095 ( w e i g h t  
p e r c e n t a g e s ) .  
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Fig .  1 M i c r o s t r u c t u r e  of 1016,  1045 and  1095 

c a r b o n  s teels  b e f o r e  and a f t e r  p l a s t i c  
d e f o r m a t i o n .  P r e s t r a i n  was a p p l i e d  i n  
t h e  amounts  of  4.57% f o r  1016, 3.92% 
f o r  1045 a n d  1.99% f o r  1095 a n d  is n o t  
s e e n  t o  c h a n g e  t h e  p h a s e  m i c r o s t r u c t u r e .  

t o  b e  smooth ,  f l a t  and p a r a l l e l  w i t h i n  f0.005 mm 
(*0.0002 i n )  and are lapped  u s i n g  5 m i c r o m e t e r  
a l u m i n a  g r i t  on g l a s s  f o l l o w e d  by 1 micrometer g r i t  
i n  f i n a l  p r e p a r a t i o n  f o r  t h e  a c o u s t i c  measurements .  

3. S t r e s s  A c o u s t i c  C o n s t a n t  

4, 

The stress a c o u s t i c  c o n s t a n t s  (SAC's) €or the 
s t e e l  s a m p l e s  ar 
l o c k e d  l o o p  ( P  L ) s y s t e m  d e s c r i b e d  i n  d e t a i l  
e l s e w h e r e  [ 3 ] .  
t h i s  i n v e s t i g a t i o n  is shown i n  f i g u r e  2. 

measured u s i n g  a p u l s e d  p h a s e  + 
2 2  1 
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Fig .  2 Block d iagram of t h e  p u l s e d  p h a s e  l o c k e d  
l o o p  u l t r a s o n i c  sys tem.  

of t h e  measurement  is a p h a s e  f e e d b a c k  scheme u s i n g  
a v o l t a g e  c o n t r o l l e d  o sc i l l a to r  (VCO) .  
o u t p u t  is g a t e d  t o  produce  a t o n e  b u r s t  of s e v e r a l  
c y c l e s  t o  d r i v e  a broadband t r a n s d u c e r .  
r e t u r n i n g  e c h o  is a m p l i f i e d  and p h a s e  d e t e c t e d  
r is ing t h e  VCO as a r e f e r e n c e .  
samples  t h e  p h a s e  s i g n a l  a t  a p r e s e l e c t e d  p o i n t  and 
c a u s e s  t h e  f r e q u e n c y  of  t h e  VCO to  c h a n g e  u n t i l  
q u a d r a t u r e  is a c h i e v e d .  
m a i n t a i n s  t h e  q u a d r a t u r e  c o n d i t i o n  w i t h  t h e  c h a n g e  
i n  f r e q u e n c y  r e l a t e d  t o  t h e  c h a n g e  i n  sample  
p r o p e r t i e s  g i v e n  by  ( 4 1 :  

The VCO 

The 

A l o g i c  s y s t e m  

Once l o c k e d ,  t h e  P2L2 

where L is t h e  a c o u s t i c  p a t h l e n g t h  i n  t h e  sample .  
The n o r m a l i z e d  c h a n g e  i n  f r e q u e n c y ,  AF/F, is c a l l e d  
t h e  n a t u r a l  v e l o c i t y  d e r i v a t i v e  i n  c o n t r a s t  t o  V ,  
t h e  a c o u s t i c  phase  v e l o c i t y  i n  t h e  sample .  
t h e  n a t u r a l  v e l o c i t y ,  one  doefi n o t  have  t o  measure  
t h e  c h a n g e  i n  sample  l e n g t h  d u r i n g  t h e  measurement .  

With 

F i g u r e  3 shows t h e  e x p e r i m e n t a l  a r r a n g e m e n t  
f o r  m e a s u r i n g  SAC's. 
s a m p l e s  a re  h y d r a u l i c a l l y  g r i p p e d  and stress is 
a p p l i e d  u s i n g  a f a t i g u e  l o a d i n g  machine.  
and f r e q u e n c y  d a t a  are r e c o r d e d  by means of  a l a b  
c o m p u t e r  on  t h e  IEEE-488 b u s .  
d e t e r m i n e d  by d i v i d i n g  t h e  c h a n g e  i n  stress by t h e  
c h a n g e  i n  n o r m a l i z e d  f r e q u e n c y .  
tests are r u n  from a n  e l e c t r o n i c  20-second ramp 
d r i v i n g  t h e  p i s t o n  of t h e  l o a d i n g  machine ,  t h e  d a t a  
r e p r e s e n t  n e a r l y  a d i a b a t i c  c o n d i t i o n s .  

I n  t h i s  a r r a n g e m e n t  t h e  

The l o a d  - 
The SAC is 

S i n c e  t h e  SAC 

F i g u r e  4 shows a t y p i c a l  example  of a 1045 
s teel  t e n s i l e  l o a d  SAC r u n  w i t h  l o n g i t u d i n a l  
( c o m p r e s s i o n a l )  waves a t  10 MHz p r o p a g a t i n g  
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Diagram of the system for measuring

SAC's and applying prestraln. An

extensometer (not shown) is used to

measure prestraln.

J I
0 13.4 x l0 "5

Frequency • 9, 987028 MHz

, I _ I = I
3.4 6.7 10.1

Normalized frequency shift

Fig. 4 Normalized frequency shift as a function

of applied tensile stress for a typical

SAC measurement with transverse

ultrasonic propagation. The above figure
is for 1045 carbon steel before

prestraining.

transverse to the a_plied load. The slope of the
curve is 43.18 x I0" MPa which is reproducible
within _i%.

4. Experimental Procedure

1,1 order to study the effect of prestraln on

the higher order elastlc properties, SAC

measurements are made in tension and compression on

a test sample of each material after various

amounts of prestraln. Figure 5 describes the

experimental procedure used for these

measurements. The SAC's are first measured in the

unstrained sample using small tensile and

compressive stresses of about 15% of the yield

strength. Permanent deformation of about 0.5% Is

then applied by tensile loading into the plastic

range. The load is then removed leaving the sample

prestrained. Prestrain is measured using an
extensometer and is checked by measuring the change

Stress,
MPa

460 -

345-

230-

115 -

0
/

-115 ,
-. 16

/
[J Tensile SAC

Compressive SAC

0 .16 .32

Plastic

C

AC

I _ [ , I
.48 .M .80

Strain, percent

Fig. 5 Experimental procedure consists of

measuring the SAC with small tensile

and compressive stresses after varying

amounts of prestrain.

in distance between lines placed along one edge of

the sample. A traveling microscope is used to

measure the line spacing before and after

prestrain. After plastic deformation, the acoustic

surfaces of the test sample are relapped using 5

micrometer alumina grit followed by I micrometer

alumina grit to eliminate surface irregularities

created by prestraining. The acoustic transducer

is placed at the same location on the sample and

the tensile and compressive SAC measurements are

made in the same manner as before. Following the

acoustic measurements, the sample is prestrained an

additional amount, unloaded and relapped. The SAC

is then remeasured at the new prestrain value.

This procedure is followed to a prestrain level of

5.25% for [016, 5.07% for [045 and 1.90% for 1095

(the 1095 sample fractured at about 2% prestraln

preventing further measurements).

5. Results and Discussion

Figures 6, 7 and 8 dlsplay the changes in

SAC's measured using stress applied in tension as

well as in compression as a function of percentage

of prestrain for the AIS1 alloys lOiS, 1045 and

I095, respectively. This data shows that prestraln

causes the SAC to change in a similar manner in

each of the three steels investigated. The SAC's

measured using tensile stresses increase with

prestrain (except for an initial decrease for 1016

steel) while the SAC's obtained when compressive

stresses are applied decrease wlth prestrain. The

figures also show that the difference between the

values of SAC's measured in tension and in

compression increases as the amount of prestrain is

increased and that, at higher values of prestraln,

the SAC changes tend to become less pronounced.

Prevlous research [[,2] has shown the

existence of a relationship between the SAC and

percentage of ferrite phase in steels. Similar

relationships have also been found by Schnelderl et

al [5] in aluminum alloys. Figure 9 displays the

change in SAC's measured in tension and in
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Experimental results for 1016 carbon

steel showing that the SAC measured

in tension increases with prestrain

while the SAC measured in compression

decrease. Note that the average of

SAC's measured in tension and in

compression is independent of

prestrain.
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Fig. 7 Experimental results for 1045 carbon

steel. Note the similarity of

behavior to that of 1016 steel.

compression as a function of percentage of ferrtte

phase for values of prestrain of 1.5%, 3% and 4%.

Also included in this figure are the values of

SAC's obtained before any plastlc deformation was

applied. The amount of ferrite phase in each of

these alloys is calculated using the lever rule and

the carbon content in each alloy (Table I). From

this data one can see that as the amount of ferrite

phase decreases in going from 1016 to 1045, the SAC

at constant prestratn increases or decreases

according to whether the SAC is measured with

stress applied in tension or in compression,

respectively. As the amount of ferrite is further

decreased by going from 1045 to 1095, tlle SAC at

constant prestrain decreases. The decrease,

however, Is much larger when the SAC is measured

with the stress applied in tension. The behavior

8O

7O

6O

SAC,
5O

104 MPa

4O

Fig. 8
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5O

104 MPa

40

3O

2O
100

Fig. 9
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---o--- Compression
-.--_--- Average

.... .

. h_'c_'-c_-o-, o

1 , I , 1 , I , I , l
I 2 3 4 5 6

Prestraln, percent

Experimental results for 1095 carbon

steel. Similar behavior to that of

1016 and 1045 carbon steels is

observed. This 1095 sample fractured

at about 2% prestrain preventing

further measurements.

Prestrain

Tenslle

ire

4_L3;"_ ............ ,.o
, I, ' , l 10451, i, i I 1_51

t8 96 94 92 90 88 86 84

Ferrlle phase, percent

SAC's measured in tension and compression

as a function of % ferrite phase in 1016,

1045 and 1095 carbon steels at four

different prestrain levels.

of SAC's with prestrain shown in figure 9 may be

explained in ter_s of the dislocation contribution

to the measured stress acoustic constant. It is

well established that plastic deformation increases

the dislocation density in metallic materials

[6]. Some of these dislocations are immobile due

to strong pinning points such as vacancies,

Interstitials and other dislocations, but a small

percentage of these dislocations ace mobile even at

stress levels well below the elastic limit [7].

The movement of mobile dislocations will influence

the sound velocity which, in turn, influences the

value of the measured SAC [8]. Wlth no dislocation

contribution, the measured SAC will be due only to

the lattice contribution to the higher order

elastic constants [9]. The effect of mobile

dislocations on the ultrasonic velocity differs

according to the direction in which these

dislocations move when the stress is applied in

tension or in compression [I0]. Accordingly, tile
contributions of these mobile dislocations to the

measured SAC will be positive or negative according

4k

lJ

%
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to whether tile stress used in measuring the SAC

(within the elastic range) is applied in tension or

in compression. In a plastically deformed

specimen, the relative change in ultrasonicAv

velocity with stress due to dislocations, (--_ID,

will then be a_ed to or subtracted from that of

the lattice, (--) , according to whether the stressVL
is applied in tension or in compression.

Therefore, the average of the SAC's measured with

stress applied in tension and with stress applied

in compression is that of the lattice which does

not vary with prestrain. There is also a

possibility that the effect of prestrain on the SAC

has a magnetic domain contribution.

Figure 6, 7 and 8 include the averages of the

SAC's measured using applied tensile and

compressive stresses at the various amounts of

prestrain in the alloys 1016, 1045 and 1095,

respectively. Also included in each of these

figures is the linear least square fit to the

average SAC values. From this one can see that in

both AISI 1016 and 1095, the average values of

SAC's measured in tension and in compression remain

unchanged as a function of prestraln. In the case

of AISI 1045, however, the average increases by

about 20% within the 5% prestrain used in this

alloy. This increase in the SAC for 1045 steel

suggests that the average of the SAC's measured in

tension and in compression can include a small

amount of dislocation contribution and does not

exactly equal to the lattice SAC. However, the

error in determining the lattice SAC using the

average of SAC's measured in tension and in

compression is much less than that obtained from

values measured using tensile or compressive stress

alone and suggests tile use of the average value of

the SAC in determining residual stresses.

6oI
SAC,

lO4 MPa 50

4O

3O

2O

100

1016

_,- 1045 / Present results

.... 1095
Previous results J _ "_

(references 1 and 2)

98 96 94 92 90 88 86 84

Ferrile phase, percent

Fig. 10 SAC as a function of % ferrlte

phase in carbon steels from

previous and present studies

(before prestraining). Results of

present study agree with previous

findings.

Figure 10 compares present results to previous

findings. This figure presents the change in the

average SAC determined from figures 6, 7 and 8 as a

function of the percent of ferrite phase in the

alloys I016, 1945 and 1095. Also included in

figure I0 are the SAC values obtained previously

for carbon steel alloys measured at zero prestraln

using stress applied in tension. From figure I0

one can see that the values of SAC determined from

the average of SAC's measured in tension and

compression at various prestrains is about equal to

those obtained previously at zero prestrain.

Figure 10 also shows that the average SAC behaves

in a similar manner to that obtained in previous

experiments, i.e. the SAC decreases as the amount

of ferrite phase decreases. This confirms previous

findings [[,2] of a linear relationship between

SAC's and percent ferrite phase in carbon steels.

6. Coat luslons

Higher-order ultrasonic properties have proven

to be very significant in materials

characterization. Previous research showed that

higher-order elastic properties of steel are

influenced by carbon content. The present study

shows that prestraln also influences the higher-

order elastic properties of carbon steel. From the

present study several conclusions can be drawn: I)

The measured SAC in the steel alloys 1016, 1045 and

1095 depends on whether the stress used in

determining this quantity is applied in tension or

in compression. 2) The SAC's measured with stress

applied in tension increase with prestraln, while

the SAC's measured using compressive stress

decrease with prestrain. 3) The average of SAC's

measured in tension and in compression in alloys

I0[6 and 1095 are independent of prestrain. The

average SAC for 1045 steel increases by about 20%

for a prestrain of 5 percent. These averages are

believed to represent the intrinsic lattice

contribution to the SAC. 4) The plot of the

average SAC as a function of % ferrite phase is

linear and agrees with earlier findings.
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